This paper investigates the possibility of reproducing the self-sustained oscillation of the tongue tip in alveolar trills. The interest is to study the articulatory and phonatory configurations that are required to produce alveolar trills. Using a realistic geometry of the vocal tract, derived from cineMRI data of a real speaker, the paper studies the mechanical behavior of a lumped two-mass model of the tongue tip. Then, the paper proposes a solution to simulate the incomplete occlusion of the vocal tract during linguopalatal contacts by adding a lateral acoustic waveguide. Finally, the simulation framework is used to study the impact of a set of parameters on the characteristic features of the produced alveolar trills. It shows that the production of trills is favored when the distance between the equilibrium position of the tongue tip and the hard palate in the alveolar zone is less than 1 mm, but without linguopalatal contact, and when the glottis is fully adducted.
I. INTRODUCTION
During the production of trill consonants (bilabial, alveolar, or uvular), aerodynamic forces applied to a particular articulator (lips, tongue tip, and uvula, respectively) are known to be responsible for the oscillation of the target articulator. Its oscillation leads to a quasiperiodic amplitude modulation of the acoustic pressure waveform radiated at the lips. This quasi-periodic amplitude modulation is the main characteristic feature of trills. This paper focuses on the mechanical and acoustic modeling of the production of alveolar trills, which are produced by the oscillation of the tongue tip in the alveolar region. This trill is the most common across languages 1 , in comparison with other places of articulation. However, this is still a hard-to-produce sound that is mastered late in the acquisition process 2 .
This suggests that it requires specific articulatory and aerodynamic conditions, which have been reported to be the reason of assimilation in neighboring phonetic segments 3 . Curiously, only a few studies have investigated the acoustic and aerodynamic characteristics of the production of alveolar trills. Acoustic properties have been deeply detailed via analysis of the speech signal 4 , the intraoral pressure 5 , and the effect on the glottal source 6 . Linguopalatal contacts, along with the speech signal characteristics have also been investigated 7 .
Despite these works, there is still a lack of acoustic and/or mechanical models of the production of trills. To the best of our knowledge, the work by McGowan 8 is the sole attempt to study the production of trills using numerical simulations. He investigated the mechanisms involved in the self-oscillations of the tongue tip with a very simplified vocal tract. Simulations show that the oscillations of the tongue tip are sustained thanks to the wall compliance of the vocal tract, hence a behavior similar to a one-mass system. The author also briefly discusses the potential impact of classic two-mass lumped models, similar to those used for the vocal folds 9,10 . Indeed, two-mass models (2MM) present the advantage of simulating phase shifts between the upstream and downstream parts of the vocal folds, as observed in real world experiments 9 , and also to take a mobile flow separation point 10, 11 into account. One might expect a similar behavior for the tongue tip. The reader may find a detailed review of existing mass-spring systems for modeling the self-oscillation of the vocal folds in Erath et al. 12 , for instance.
In this work, the glottal source is connected to the classic transmission line paradigm 13 , considering recent improvements 14 in order to deal with a modified self-oscillating model of the vocal folds to account for partial glottal abduction. This is one of the major contributions of the paper in comparison with the work of McGowan 8 , since it enables the influence of the acoustic pressure variations upstream of the lingual constriction due to the vocal folds motion to be investigated with real anatomic data. Area functions have been derived from real-time cineMRI using a sparse reconstruction technique 15 , detailed in Sec. II.
The other contribution is the possibility of the presented simulation framework to consider the incomplete closure of the vocal tract during linguopalatal contacts. Indeed, results from Solé 5 suggest that there is no complete occlusion during the production of consonant trills, since the low frequency component of the mouth airflow is constantly strictly positive. Consequently, when dealing with acoustic simulations of the alveolar trills, one should guarantee that tongue tip oscillations with, or without contacts can be taken into account, and also that linguopalatal contacts do not completely stop the main air path in the vocal tract. In Sec. IV C, the paper presents a solution to deal with this situation by adding a lateral acoustic waveguide connected both at the upstream and the downstream parts of the tongue. This lateral connection is made possible thanks to the recent Extended Single-Matrix Formulation (ESMF) of the vocal tract 14 . The simulation framework including our self-oscillating tongue tip model is finally used to investigate the influence of various parameters on the production of alveolar trills. Results of the simulations are shown and discussed in Sec. V.
II. ACOUSTIC AND ARTICULATORY CHARACTERISTICS OF

ALVEOLAR TRILLS
A. Acoustic characteristics
Alveolar trills [r] are sounds that are characterized by a quasi-periodic oscillation of the tongue tip. The vibration of the articulator is not directly controlled by the speaker, namely it is not due to an active muscular control, but is due to the aerodynamic forces applied at their vicinity 8 . Studies about the production of alveolar trills include the mastering process 2 by children, occurrence in world's languages 1 , coarticulatory effects 3,16,17 , acoustic characteristics 4,5 , and air-tissue interaction modeling 8 .
From these studies, it appears that alveolar trills are difficult to produce 2 , and may interfer with neighboring phonetic segments 3 . Aerodynamic measurements on speakers show that a high intraoral pressure is required to produce trills, and even higher for voiceless alveolar trills 5 . The intraoral pressure show significant variability across subjects 5 . The oscillation frequency is in the range 28-33 Hz for voiceless trills and 26-29 Hz for voiced trills 5 . The open phase is 1.94 times longer than the closed phase for voiceless trills, and 1.34 times longer for voiced trills.
Electropalatographic data (EPG) show that linguopalatal contacts occur during the production of consonant trills 3,7,17 . However, contact patterns significantly vary across speakers, and even across repetitions of a single speaker. For a few speakers, contacts occur only at the edge of the tongue dorsum, and the alveolar region does not show any contact between the tongue tip and the hard palate. Hence, there is no evidence of systematic contacts between the tongue and the hard palate, or the teeth, during the oscillation cycle. It is not unlikely that the tongue tip freely vibrates slightly away from the alveolar zone. Additionally, in all studies 4,5 , the presented waveforms of the airflow measured at the mouth is not null during the so-called closed phase. This suggests that trills do not involve complete occlusion. It is also clear in Fig. 3 of the paper of Solé 5 that the mouth airflow is systematically strictly positive during the trill production.
Consequently, when dealing with numerical simulations, one should consider the possibility of taking into account the incomplete closure of the vocal tract during linguopalatal contacts. Fig. 1 shows two examples of acoustic speech signal of alveolar trills uttered in the pseudoword /ara/. The time envelope of the acoustic pressure waveform shows quasi-periodic cycles during the production of the alveolar trill [r] . It oscillates between a maximum, at a level slightly less than the adjacent vowels, and a minimum, which is not null.
B. Articulatory characteristics
Observing tongue tip movements during alveolar trills is very difficult. Indeed, since the oscillation has a small amplitude and is relatively fast, it requires high spatiotemporal resolutions. Thus, high-speed Ultrasound imaging and Electromagnetic articulography (EMA) 18 have been used to observe the time evolution of the tongue tip position during alveolar trills.
These studies provide data from alveolar trill realizations of German 18 , Czech 19 , Spanish, The simulation framework presented in this study requires the whole area function of the vocal tract. For that purpose, the vocal tract geometry has been observed via real-time cineMRI techniques. It consists in a reconstruction of the midsagittal view of the vocal tract at a reasonably high frame rate, using sparse reconstruction methods 15 . The frame rate is 29 frames per second, with a spatial resolution of 1×1 mm 2 . MRI experiments were performed on a 3T Signa HDxt MR system (General Electric Healthcare, Milwaukee, WI).
Speech MRI data were obtained from a healthy volunteer with written informed consent and approval of local ethics committee. He is a 35 years old male and a French native speaker. We considered that acquiring MR images at 29 frames per second, namely similar to the trill frequency, is sufficient to get a good idea of the global position of the tongue tip during oscillations along with the rest of the vocal tract since we acquire several images per /r/ segment. For the study, the speaker was asked to slightly lengthen the duration of the /r/ segment, so that between 5 and 10 images per phonetic segment are available. where the contour to be tracked is located. The resulting contour is obtained by averaging contours of the closest images. This semi-automatic tracking requires supervision from the user who can add key images to correct errors corresponding to an image too far from the existing key images. Finally, the tongue contour which presents a high variability, due to its movements and the dynamic MRI acquisition technique as well, has been delineated by hand.
From the contour extraction, area functions are obtained by, first, dividing the vocal tract shape in tubelets perpendicular to the centerline, and then applying α β transformations to recover the area 22 . This transformation is a power function that gives the cross-sectional area a(x) as a function of the midsagittal distance d(x):
where α and β are ad hoc coefficients. Their values depend on the region of the vocal tract, and x is the distance to the glottis along the centerline. Several studies have provided different values for α and β. We kept those given by Soquet et al. 22 for male speakers. The determination of the centerline plays a critical role in synthesis since it influences the length of the vocal tract. A specific algorithm was designed purposely 23 .
As previously explained, the real-time cineMRI reconstruction enables several area functions to be recovered for a single [r] realization. Since the main aim of the paper is to investigate the possibility to simulate self-oscillations of the tongue tip in alveolar trills with lumped mass-spring models integrated into realistic shapes of the vocal tract, using area functions of alveolar trills on different contexts is not in the scope of the paper. Consequently, for the sake of brevity, we chose to use only one area function for the rest of the paper: it corresponds to the median area function extracted from the acquired sequence of images at the trill instants. The simultaneous audio recordings of the utterances allows each reconstructed MR image to be labeled with its corresponding produced phoneme. The MRI noise is removed from the recorded audio signal thanks to a source separation technique 24 .
The images corresponding to the trill instants are then the ones that correspond to the /r/ segment. The choice of a median area function is mainly for the purpose of compensating for the potential errors due to the manual delineation, as well as the variations in the alveolar constriction region due to the tongue tip movement during the trill production. The resulting area function is shown in Fig. 2 . In the simulations, it corresponds to that of the vocal tract when the tongue is at its equilibrium position. Oscillations of the tongue tip will then modify the cross-sectional area of the lingual constriction, namely the area of the tubelet having the smallest area (at 15.9 cm in Fig. 2 (c) ). Note that the back of the tongue creates a narrowing at the middle of the vocal tract. This has been previously reported as a common features of rhotic sounds, including alveolar and uvular trills 25 .
III. PHYSICAL MODELS FOR SIMULATING THE TRILL PRODUCTION
The simulation framework used to compute the acoustic propagation inside the vocal tract is derived from the transmission line circuit analog model (TLCA) approach 13 . It The framework that is used in this paper, called ESMF 14 , considers recent improvements of TLCA-based techniques, such as the possibility to connect self-oscillating models of the vocal folds with a membranous glottal chink (a gap in the membranous portion of the glottis due to its partial abduction). In this paper, the acoustic model is extended to include the potential oscillations of the tongue tip.
A. Acoustic propagation
The vocal tract is seen as a waveguide network, in which each waveguide represents a side cavity 14,29 . In our study, side cavities include the sublingual cavity (cf. Fig. 2 ) and the lateral channels around the sides of the tongue tip. It has been shown, following the recent ESMF paradigm 14 , that the wave propagation inside such networks, connected to a self-oscillating model of the vocal folds, is driven by the following system of equations
where f ∈ R (N +1) is a vector containing pressure forces, Z ∈ R (N +1)×(N +1) is a tridiagonal matrix containing impedance and loss terms associated to each tubelet, Q is a square matrix the same size as Z having only one non-zero element, that is
is the vector containing the volume velocities inside each tubelet, and The acoustic propagation model supports the connection of self-oscillating models of the vocal folds with a membranous glottal chink 14 . In such case, the membranous portion of the glottis is composed of two distinct parts along the length of the vocal folds: an adducted part, modeled with a classic two-mass self-oscillating system 10 , and an abducted portion, i.e. the so-called membranous glottal chink, modeled as an acoustic branch. This allows incomplete closure of the glottis during oscillation cycles of the vocal folds due to the partial abduction of the glottis to be modeled, and has been found to be important for simulating breathy voice 30 , and voiced fricatives 31 . In this paper, the degree of abduction, denoted by D ab , is defined as the ratio, in percent, between the area of the membranous chink and the area of the fully abducted glottis. Consequently, D ab = 0% when there is no membranous chink, and D ab = 100% when the glottis is fully abducted.
B. Self-oscillating model of the tongue tip
In order to reproduce self-oscillations of the tongue tip, our model considers the lower wall of the tubelet corresponding to the lingual constriction to be a lumped mass-spring system, namely the 2MM, derived from the classic two-mass mechanical system for the vocal folds by Ishizaka and Flanagan 9 . In this paper, the self-oscillation is used to update the crosssectional area of the tubelet that corresponds to the lingual constriction, namely the tubelet that presents the minimal cross-section area. Consequently, only the extremity of the tongue tip is assumed to oscillate, without modifying the cross-section areas of the neighboring tubelets. In the following presentation of the model, the upstream and the downstream sections, as in Fig. 3 , represent the tubelets located just downstream and upstream of the tubelet with the minimal cross-section area.
For simulating the self-oscillation of the vocal folds, the choice of a two-mass system instead of a single-mass one is motivated by the possibility to reproduce higher modes of oscillation, and especially phase shifts between the upstream and the downstream parts of the vocal folds. Indeed, at least two modes of oscillation have been extensively observed and shown to be important to consider in the simulations 32 . For tongue tip oscillations, this has been previously discussed by McGowan 8 , but there is, so far, no evidence of such a phase shift between the upstream and the downstream parts of the tongue tip during trill productions.
The 2MM used for the tongue tip is then similar to the one used for vocal folds. It includes continuous contours of the glottal constriction profile, a quasi-static mobility criterion for the flow separation point 10,11 , and the computed pressure forces consider viscous losses 10 .
The geometry of the tongue tip is represented in Fig. 3 . In this paper, indices u and d denote the upstream and downstream parts respectively. The position along the x-axis inside the lingual constriction is denoted by x i , with x = 0, 1, 2, 3, corresponding to the constriction input, the position of the upstream mass, the position of the downstream mass, and the constriction output, respectively. The total length of the lingual constriction is then l t = x 3 − x 0 , and its width is denoted w t . The equations for the tongue motion are
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To compute the pressure distribution P c (x, t) inside the lingual constriction, the airflow in the oral channel is considered as incompressible. Additionally, the viscous effects, which cannot be neglected when the lingual constriction is almost closed, are taken into account via a Poiseuille corrective term. Our model considers the viscous effects as predominant over the inertial effects so that the latter are not taken into account, as suggested by Lous et al 10 and Deverge et al. 33 . Considering these assumptions, the pressure distribution P c (x, t)
is given by
where Be(x, t) and P o(x, t) are respectively the steady term of the Bernoulli equation and the Poiseuille corrective term. They are defined as:
where U t (t) is the instantaneous volume velocity of the airflow inside the lingual constriction.
Eq. (5) is valid for x located upstream of the separation point. Indeed, in this paper, similarly to the vocal folds model, the two-mass model of the tongue tip includes a mobile separation point x s . For the vocal folds model, the separation point has been shown to have a significant impact on the oscillating behavior 34, 35 . However, predicting its location accurately is a very hard task as it requires numerical simulations of the full three-dimensional flow 35, 36 .
For lumped models as used in this paper, simplified methods to predict the location of the separation point have been proposed 10,11 . They usually consider the separation point to be The parameters chosen for the 2MM are summarized in Tab. I. The width of the lingual constriction w t and the height at rest h 0 are derived from the MRI data. Since lumped massspring systems models consider the shape of the constriction as rectangular, w t is estimated such that the constriction area a t = h 0 w t = α t h β 0 matches the cross-sectional area given by the power transformation of Eq. (1), hence
where α t and β t are the transformation coefficients from Soquet et al. 22 in the alveolar region, namely α t = 1.92 and β t = 1.2 when w t and h 0 are expressed in cm. The stiffness values have been chosen according to the mass values so that the resonance frequency of the uncoupled mechanical system is 25 Hz, which is in the range of typical values observed in real speakers 5 . Assuming the mass density of the tongue ρ t is slightly more than water 39 , i.e. ρ t 1.04×10 6 g.m -3 , the distance between the base and the extremity of the tongue tip h tt , measured in MR images, is around 1.1 cm, and the tongue tip is a parallelepiped, each mass is
The total mass of the system is then 0.26 × 2 = 0.52g. This open quotient has been reached for κ = 1.5 and η = 1.2. The collision model uses these values for the rest of the paper.
B. Simulation of an alveolar trill with the lingual constriction modeled as a single waveguide
In this section, the lingual constriction is seen as a single waveguide. Results of the simulations are displayed in Fig. 4 . It shows the oscillation of the lingual constriction height around its equilibrium position. In this example, quasi-periodic contacts between the tongue tip and the hard palate occur. The time envelope of the acoustic pressure is then a quasiperiodic function, which is at its minimum when the tongue tip is close to the hard palate (or is in contact with), and at its maximum when the tongue tip is far from the hard palate.
The displacement of the upstream and downstream masses of the tongue tip model shows no significant phase shift, which suggests a behavior similar to a single-mass system. This is an important result to consider for future studies since it implies that our flow model, which uses the quasi-steady flow approximation may be inadequate in the closing phase.
Indeed, Deverge et al. 33 have shown that the flow unsteadiness is significant in the case of straight uniform channels. It is also worth noting that, in the case of almost straight uniform channels, the quasi-static mobility criterion for the flow separation point has no significant The simulation with a ratio r l = 50%, displayed in Fig. 5 , shows that this vocal tract configuration enables linguopalatal contact with incomplete closure of the vocal tract to be simulated. When the tongue tip and the hard palate are in contact (h t ≤ 0), the air flow U m is not null, nor is the acoustic signal pressure. These features are in agreement with what is commonly observed in real trills (see Fig. 1 , for instance).
Note that the inclusion of the lateral waveguide does not significantly modify the global behavior of the tongue tip oscillations, except for a slight decrease of the trill amplitude.
There is still no phase shift between the upstream and the downstream parts of the tongue tip, still suggesting a behavior similar to a single mass system. Note also that the rise of the vocal folds opening during closed phase is still visible at t = 10 ms, t = 50ms, and t = 90ms.
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V. CONDITIONS OF PRODUCTION OF ALVEOLAR TRILLS
This section investigates the influence of various configurations of the vocal tract and of the glottis on the simulation of the tongue tip oscillation. Studied parameters include the subglottal pressure, the mass of the tongue tip, the height of the lingual constriction at rest, the glottal abduction degree, and the lateralization of the air flow.
A. Trill characteristic features
The analyzed trill characteristic features are the trill frequency f t , the trill amplitude, denotedĥ t , and the trill contact ratio, denoted C r . For each simulation of sustained trills, a group of 10 successive periods are considered. Fig. 6 illustrates the identification of the different features. For each oscillating cycle n, A n is the difference between the maximal and the next minimal lingual constriction height, T n is the time difference between two successive maxima, and c n is a binary number, equal to 0 if there is no linguopalatal contact during cycle n, and 1 if there is a contact. The trill frequency is the inverse of the mean period value, namely
The trill amplitudeĥ t is the mean value of the difference between the maximal and the next minimal lingual constriction height in the group of 10 successive oscillatory cycles, hencê
The trill contact ratio C r is the percentage of oscillatory cycles where there is a linguopalatal contact among 10 successive periods:
C r (%) = 100 × 1 10 The tongue initial position h 0 is set to different values to study its impact on the selfoscillating motion of the tongue tip. Fig. 8 shows the trill frequency f t , the trill amplitude h t , and the trill contact ratio C r as a function of the subglottal pressure P sub and the initial tongue position h 0 . It clearly shows that the initial tongue position has a significant influence on the production of alveolar trills. For instance, for a given P sub , the trill amplitude as a function of h 0 exhibits a local maximum, i.e. when h 0 is between 0.5 and 1 mm. This implies that the tongue should not be in contact with the hard palate at the beginning of the trill.
Results also show that when h 0 is larger than approximately 1.25 mm, linguopalatal contacts occur (C r >= 10%) only when P sub is larger than a certain threshold, between 1400 and 1500 Pa, for h 0 ≤ 0.25cm, and larger than 1500 Pa for h 0 ≥ 0.25cm. This threshold value increases as h 0 increases: it is larger than 2000 Pa for h 0 ≥ 0.3cm. These observations show that the alveolar trills are favored when the tongue tip is very close to the hard palate, i.e. less than 1.25 mm, but not in contact. Consequently, producing alveolar trills requires a very fine adjustment of the tongue tip position in order to generate the self-oscillation;
which confirms the fact that alveolar trills are difficult to produce. It is also worth noting that larger lingual constriction heights at rest tend to increase the trill frequency. The trill frequency is the most sensitive to the equilibrium position when h 0 is smaller than the local maximum, i.e. when h 0 < 0.5 mm.
D. Effect of the incomplete closure of the vocal tract
For these simulations, the glottis is entirely adducted, i.e. D ab = 0%, the equilibrium position, the length and the width of the lingual constriction are set to the values shown in Tab. I. The masses m 1 and m 2 are set to 0.26 g. The lateral area ratio r l varies from 0 to 50%, and the subglottal pressure from 500 to 2000 Pa.
The incomplete closure of the vocal tract is studied via the lateralization ratio r l . Fig. 9 shows that this has no significant effect on the trill characteristics: the trill frequency is barely lowered by 1 Hz when there is an incomplete closure of the vocal tract, and, for a given P sub , the trill amplitude and the trill contact ratio exhibit a slight tendency to decrease as the incomplete closure increases (larger r l ). However, although the incomplete closure of the vocal tract during linguopalatal contacts has a very small impact on the mechanical behavior of the tongue tip, it has been shown in Sec. IV C that the acoustic impact is not negligible. Consequently, when dealing with acoustic synthesis of alveolar trills using physical models, one should consider the lateralization of the airflow.
E. Effect of the glottal abduction
For these simulations, there is no lateralization, i.e. r l = 0%, the equilibrium position, the length and the width of the lingual constriction are set to the values shown in Tab. I.
The masses m 1 and m 2 are set to 0.26 g. The degree of glottal abduction D ab varies from 0 to 100%, and the subglottal pressure from 500 to 2000 Pa. Fig. 10 shows that the presence of the partial abduction has a significant impact on the trill characteristics. Indeed, it has for main effect, for a given P sub , to increase the trill frequency, the trill amplitude, and also the trill contact ratio. Indeed, when the degree of abduction D ab is greater than approximately 30%, the trill amplitude is smaller than 2 mm, and the trill contact ratio shows that there is almost no linguopalatal contacts.
There is a transition zone, when D ab is between 20 and 40%, where the trill contact ratio is very sensitive to small perturbations of the glottal abduction. Before this transition, for D ab < 25%, the trill contact ratio is 100%, and it vanishes for D ab > 40%, except when P sub is larger than 1700 pa, approximately.
Note that the increase of the trill frequency for voiceless trills is in agreement with the experimental observations by Solé 5 , who reported higher trill frequencies for voiceless trills (mean 29.3 Hz) than for voiced trills (mean 28.1 Hz). Another explanation of a higher trill frequency of voiceless trills could be the fact that they require higher subglottal pressures.
Indeed, for a given abduction degree, increasing the subglottal pressure increases the trill frequency, as shown in Fig. 10 (a) .
VI. CONCLUSION AND FURTHER WORKS
This paper has discussed the possibility to model the self-oscillation of the tongue tip in alveolar trills via classic lumped mass-spring systems. Based on a model similar to the one used for vocal folds, the two-mass model 10 , it has been shown that a quasi-periodic oscillation of the tongue tip could be reproduced to simulate the production of alveolar trills.
In comparison with previous works 8 , the simulation framework presented in this paper can support physiologically realistic area functions of the vocal tract, and also the connection with a self-oscillating model of the vocal folds with a membranous glottal leakage to simulate voiced and voiceless alveolar trills. It can also account for the incomplete closure of the vocal tract during linguopalatal contacts due to the lateral leakage of the airflow around the tongue.
The two-mass model of the tongue tip oscillates at frequencies similar to those observed in natural speech 5,8 , i.e. in the range 25-30 Hz. In our simulations, there are no significant phase shifts between the two masses, which suggests that, unlike the vocal folds, its behavior is very similar to the single-mass model.
The simulation framework presented in this paper also deals with the commonly observed case of the incomplete closure of the vocal tract during linguopalatal contacts. It is taken into account via the connection of lateral branches around the tongue. Although our simulations show that the connection of lateral branches does not significantly modify the oscillation characteristics of the tongue tip, it has a strong acoustic impact: the intraoral airflow and the acoustic pressure waveforms are not completely null in the closed phase of the trill, as it has been observed in natural speech in all of the previous studies 5,8 . Consequently, the incomplete closure of the vocal tract should be taken into account when dealing with the acoustic synthesis of alveolar trills using physical models.
Additionally, our simulations have revealed the fact that there is an initial position of the tongue tip that favors the production of alveolar trills. Indeed, for a given subglottal pressure, the trill amplitude as a function of the equilibrium position of the tongue tip admits a local maximum, located between 0.5 and 1 mm off the hard palate. When this tonguepalate distance at rest is greater than 1 mm, the trill amplitude significantly decreases, making the production of alveolar trills more difficult. This might be one of the reasons why consonant trills are hard-to-produce sounds in human spoken languages.
Finally, it has been shown that the amplitude of the tongue oscillation is significantly reduced in voiceless configurations, i.e. when the vocal folds are partially, or completely abducted. This is especially true when the degree of glottal abduction exceeds a critical value, between 30 and 40% of the total glottal abduction, depending on the value of the subglottal pressure. This suggests that voiceless trills require higher subglottal pressure, and/or additional adjustments, to produce trills with a similar oscillation amplitude than voiced trills. This is a possible explanation for the fact that voiceless trills are rather rare among human languages in comparison with voiced trills as they require more specific efforts.
This first attempt to model the tongue tip oscillations with classic lumped mass-spring systems opens new ways of investigations of the production of trills. Indeed, one could imagine similar models applied to other trills, such at the lips for the bilabial trills, or at the uvula for the uvular trills. The possibility to support realistic geometries of the vocal tract derived form cineMRI acquisitions of real speakers is a useful tool to study the impact of various articulatory configurations on the production of trills, and consequently to investigate the reasons of the difficulty encountered by numerous speakers to produce trills. Additional data, considering phonological contexts, are planned to be acquired in the near future to complete this investigation. Finally, the paper raises several questions about the dynamics of the tongue tip oscillation and about the aerodynamic behavior of the flow in the lingual constriction during alveolar trills that remain unsolved, mainly due to the lack of full numerical simulations, and/or fine experimental observations. Thus, this paper may constitute a base for such investigations in order to eventually address these important questions for the full understanding of the alveolar trill dynamics. More specifically, the questions about the flow separation point and the phase shift should be addressed with more realistic flow models, and with rounded geometries of the tongue tip that better approximate its real shape. 
